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ABSTRACT: A series of ionic liquids (ILs) composed by choline
(Ch) as a cation and different amino acids (AA) as anions and their
respective aqueous mixtures were prepared using different
[Ch][AA] contents in a range of 0.4−46 mol % IL. These solvents
were used for the first time to achieve an eco-friendlier Paraoxon
degradation. The results show that [Ch][AA]/water mixtures are
an effective reaction medium to degrade Paraoxon, even when the
IL content in the mixture is low (0.4 mol % IL) and without the
need of an extra nucleophile. Both the kinetics and the degradation
pathways of pesticides depend on the nature of the AA on
[Ch][AA] and the amount of an IL present in the mixture. We have demonstrated that in those mixtures with a low amount of
[Ch][AA], the hydrolysis reaction is the main pathway for Paraoxon degradation, showing a catalytic effect of the IL. However, as
the percentage of [Ch][AA] increases in the mixture, the nucleophilic attack of [Ch][AA] is evident. Finally, the aim of this study
was to provide evidence of a promising and biocompatible methodology to degrade a toxic compound (Paraoxon) using a minimal
quantity of an IL designed totally from natural resources.
■ INTRODUCTION
Nowadays, the benefits obtained when ionic liquids (ILs) are
used as a reaction medium are undeniable.1 Due to their main
features, they became the best alternative to replace volatile
organic solvents in several areas of chemistry.2 The ILs derived
from petroleum, composed of organic cations such as




dicyanamide [DCA−], have been the most used.3,4 Never-
theless, two problems arose with the use of ILs mentioned
above: the high cost involved in the synthesis and the inherent
toxicity of their components (cations and anions, commonly
used). These two points have been the major constraints to
widespread use of ILs in industry. There are many reports
indicating that these ILs are neither sustainable nor
biodegradable, and in many cases, they exhibit relatively high
toxicity.5 Some studies indicate that the toxicity can be
attributed to both the anion and cation present in the IL.6,7
A good strategy to reduce the amount of an IL required to
carry out a process or a reaction is to mix ILs with other
solvents, such as an organic solvent or even water.8,9 For
example, Harper et al. studied the effect of the variation of the
mole fraction of an IL (χIL) in a molecular solvent on the
outcome of organic reactions.10−14 They concluded that the
increase in rate constants varying χIL is mainly due to changes
in the solvent-solute structures that are occurring between 0 <
χIL < 0.3. Besides, considering solvent parameters of ILs, such
as Kamlet and Taft, they demonstrated the importance of
solvent effects on both the rate- and product-determining steps
of the reaction studied.13,14
On the other hand, Gholami et al. studied kinetically Diels−
Alder reactions of IL/methanol mixtures, and they found that
second-order rate constants were enhanced in these mixtures
in comparison to neat ILs.15 However, not only better kinetics
results have been observed when adding water or a molecular
solvent to ILs; the diffusion coefficient, viscosity, and surface
tension of ILs varied considerably upon adding water.8
Nevertheless, although the amount of an IL is reduced using
IL/solvent mixtures, the toxic components of them still remain
being released to the environment. Thus, the preparation of
ILs derived from renewable resources can be used as a better
strategy in order to obtain a reaction medium with a greener
environmental profile. Accordingly, bio-based ILs have
appeared as new green solvents.16−20 For this propose and
considering that amino acids (AA) are one of the most
abundant resources in nature, they are considered as excellent
feedstocks for the synthesis of bio-based ILs. The first amino
Received: July 9, 2020
Accepted: September 23, 2020
Published: October 5, 2020
Articlehttp://pubs.acs.org/journal/acsodf
© 2020 American Chemical Society
26562
https://dx.doi.org/10.1021/acsomega.0c03305
ACS Omega 2020, 5, 26562−26572
This is an open access article published under an ACS AuthorChoice License, which permits






















































































acid-derived ionic liquids (AAILs) were described by Ohno et
al., where 1-ethyl-3-methylimidazolium (Emim) was the cation
and 20 essential AA were used as anions, ([Emim][AA]).17 All
of them were clear liquids, cheaper, and more biodegradable.16
Considering the latter, recently, we synthesized a series of ILs
using 1-butyl-3-methylimidazolium (Bmim) as a cation and
different AA as anions, ([Bmim][AA]).21 These ILs were used
as reaction media on the degradation of an organophosphorus
pesticide, Paraoxon. The results show that all neat [Bmim]-
[AA] used have a dual role in the outcome of this degradation
reaction, as a nucleophile and a solvent to carry out
degradation of the organophosphorus pesticide. Therefore,
the degradation of Paraoxon is accomplished with great
efficiency and without an extra nucleophilic agent.21
Nevertheless, to improve more the environmental profile of
ILs, it is mandatory that both anion and cation are obtained
from natural resources. Keeping this in mind, choline-amino
acid ILs ([Ch][AA]) were introduced in 2012 by Liu et al.22,23
They have enormous potential to improve the green
credentials of ILs because they are biodegradable and could
be less toxic.24 The interest in these systems obtained totally
from natural and renewable feedstocks has increased
significantly, and a large number of papers appeared in the
last few years.22,25 Nevertheless, to date, the use of [Ch][AA]
ILs as a reaction media has been less explored, and there is no
report about the use of them for degradation of organo-
phosphate pesticides.
Considering the above, we proposed to use [Ch][AA]/water
mixtures (approx. 0.4−46 mol % IL) as reaction media for
degradation of the organophosphate pesticide Paraoxon. The
high viscosity values that present the [Ch][AA] ILs prevent
the use of mixtures with higher IL content. The different
[Ch][AA] ILs used in this study and schematic degradation of
Paraoxon are shown in Scheme 1. The aim of this study was to
generate a promising and biocompatible methodology to
degrade a toxic compound (Paraoxon) using a minimal
quantity of an IL formed totally from natural sources. The
proposal involves the application of non-toxic [Ch][AA] ILs
and to reduce the amount of an IL by using [Ch][AA]/water
mixtures. The results show that both the kinetics and pathways
of Paraoxon degradation depend on the nature of the AA
present on [Ch][AA] and the amount of an IL used in the
mixture.
■ RESULTS AND DISCUSSION
31P Nuclear Magnetic Resonance Study. The study of
Paraoxon degradation was performed in [Ch][AA]/water
mixtures containing different concentrations of [Ch][AA]
from approx. 0.4 to 46 mol % IL, where AA are [Ala], [Gly],
[Met], and [Pro]. The effect of each [Ch][AA]/water mixture
on the stability of the pesticide Paraoxon was studied using the
31P NMR technique, as it can be observed in Figures S1−S12
in the Supporting Information. The results showed that when
Paraoxon was left in [Ch][AA]/water mixtures at room
temperature for a few minutes, the pesticide was completely
degraded without the need of an extra nucleophile. We
previously observed a similar behavior when different neat
[Bmim][AA] ILs were used as reaction media for Paraoxon
degradation, and it was demonstrated that the AA components
of the structure of ILs were responsible for the nucleophilic
attack to Paraoxon.21 Interestingly, in this study, the same
nucleophilic effect of the anion present in [Ch][AA] ILs is
observed in those mixtures with a percentage of [Ch][AA] in
the range of 7−46 mol % IL. However, when the amount of
the IL is lower, the mechanism of Paraoxon degradation seems
to be different as will be shown later. In this range, the results
show that the kinetics and products formed in the Paraoxon
degradation depend on the nature of the AA anion and the
amount of [Ch][AA] present in the IL/water mixture.
Figure 1 shows the 31P NMR spectra of the Paraoxon
degradation in the presence of [Ch][Ala]/water mixtures (35
mol % IL) at different times.
As can be observed, the decrease in the Paraoxon signal
(−7.2 ppm) is simultaneous with the increase in four other
signals at 8.9, −0.64, −6.3, and −1.8 ppm, which represent the
formation of the four new phosphorylated species proposed in
Scheme 2. The signal at 8.9 ppm is attributed to
phosphorylated species 1a formed by the nucleophilic attack
of the [Ch][Ala] to the phosphorus atom of Paraoxon, and
anion 4-nitrophenoxide (5) (leaving group) is also formed, see
Scheme 2. The presence of 1a was assigned by comparison
with the 31P NMR spectra of the product obtained in the
reaction of O,O-diethyl chlorophosphate with [Ch][Ala] under
the same experimental conditions (Figure S13 in the
Supporting Information). Besides, the signals at −0.64 and
−6.3 ppm were attributed to phosphoryl species 2 and 3 in
Scheme 2. These products were identified by 31P NMR
comparison with authentic samples; see Figures S14−17 in the
Supporting Information; synthesis details of 3 are reported by
us in a reference.26 The presence of 6a was confirmed from the
increase in a band at ∼425 nm in the UV−vis spectra (not
shown).
The reactions mentioned above involve nucleophilic attack
of [Ch][Ala] at the following electrophilic center of Paraoxon:
(i) the phosphoryl center (SN2(P) path), (ii) the C-1 aromatic
carbon (SNAr path), and (iii) the aliphatic carbon (SN2(C)
path), where the amine group of the alanine anion present in
the IL acts as a nucleophile, as shown in Scheme 2.
Besides, as can be observed in Figure 1, a fourth phosphoryl
signal at −1.8 ppm is found in [Ch][Ala]/water mixtures (35
mol % IL), which disappears simultaneously with the increase
in another new phosphoryl signal at −1.2 ppm. In order to
achieve a better understanding, we followed the Paraoxon
Scheme 1. Chemical Structure of Synthesized [Ch][AA] and
Schematic Degradation of Paraoxon in the Presence of
[Ch][AA]/Water Mixtures
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degradation in the presence of low content of the [Ch][Ala] in
the water mixture (1 mol % IL), see Figure 2.
As can be observed in Figure 2, the increase in water
concentration in the mixture leads to a downfield shift of 31P
NMR signals. The decrease in the Paraoxon signal (−6.6 ppm)
is simultaneous with the increase in two new signals at 0.62
and approx. −1.6 ppm. Besides, when the same reaction is
followed by UV−vis spectroscopy, a band at 400 nm is
evidenced.
In order to understand the full mechanism of Paraoxon
degradation in [Ch][Ala]/water mixtures at 1 mol % IL, a
product analysis by ESI-MS in the negative mode was
performed. Figure 3 shows ESI-MS(−) spectra obtained for
Paraoxon degradation in the presence of [Ch][Ala]/water
mixtures (1 mol % IL) at an infinite time. The results showed
two reaction products. One of them corresponds to compound
2 (Scheme 2) with m/z of 153.0311 (m/z calc., 153.0322),
and the other corresponds to compound 5 (4-nitrofenolate)
with m/z of 138.0184 (m/z calc., 138.0187). The SN2(P)
pathway is not observed (no signal at 89.9 ppm), but the
presence of compound 5, in the [Ch][Ala]/water mixture (1
mol % IL), could be explained by two parallel hydrolysis
reactions in the Paraoxon degradation: (i) nucleophilic attack
of water at the C-1 aromatic carbon forming compounds 2 and
5 and (ii) by the nucleophilic attack of water at the phosphoryl
center of Paraoxon, forming compounds 4 and 5 (in Scheme
2), evidenced as reaction products according to 31P NMR and
ESI-MS experiments.
It has been described that in aqueous solution, the solvation
decreases the nucleophilicity of aliphatic amines.27 Therefore,
it is possible to conclude that in the [Ch][Ala]/water mixtures
at 1 mol % IL, probably, the nucleophilicity of alanine anions
decreases, and the nucleophilic attacks by water (hydrolysis
reactions) are predominant.28,29
On the other hand, it is important to remark that when the
Paraoxon degradation is performed in [Ch][Ala]/water
mixtures at 35 mol % IL, the signal at −1.8 ppm disappears
simultaneously with the increase in a new phosphoryl signal at
−1.2 ppm, see Figure 1. The latter could be explained by a fast
step of deprotonation of 4 giving rise to the new phosphorus
signal (−1.2 ppm), attributed to compound 9 in Scheme 2.
This fast step of deprotonation was reported previously in the
hydrolysis of triethyl phosphate and ethyl acetate.30
The Paraoxon degradation showed a similar behavior when
[Ch][Met]/water and [Ch][Gly]/water mixtures (with
approx. 0.4−46 mol % IL) and [Ch][Pro]/water mixtures
(with approx. 1 mol % IL) were used as reaction media; see
Figures S1−S10 in the Supporting Information. Nevertheless,
when [Ch][Pro]/water mixtures in the range of 7−46 mol %
IL (Figures S11and S12 in the Supporting Information) were
used as reaction media, a new signal approx. at 6.0 ppm
appears slowly in the 31P NMR spectra, as it is shown in Figure
4. The intensity of this signal increases at the expense of
compound 3, forming new phosphoryl compound 8d (see
Scheme 2). This new compound 8d was confirmed on the
basis of the increase in the same signal (approx. at 6.0 ppm) in
Figure 1. Stacked 31P NMR plots for the reaction of Paraoxon (0.10 M) in [Ch][Ala]/water mixtures (35 mol % IL) at 25 °C.
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the reaction of O-ethyl 4-nitrophenyl phosphate monoester (3)
with [Ch][Pro] under the same experimental conditions (not
shown). Therefore, the formation of compound 8d is
attributed to a second nucleophilic attack of [Ch][Pro] to
the phosphorous atom of compound 3, see Scheme 2. The
formation of a phosphate diester derivative (compound 8d)
under these experimental conditions generates a less lipophilic
product than Paraoxon and therefore less toxic.
From integration of the 31P NMR signals of the products
formed in the Paraoxon degradation in the presence of each
[Ch][AA]/water mixture used in this study (Figures S1−S12
in the Supporting Information), the relative product
distribution was calculated in the different [Ch][AA]/water
mixtures, as shown in Table S1 in the Supporting Information.
Figure 5 shows this behavior schematically.
As can be observed in Figure 5, two effects on the product
distribution obtained in Paraoxon degradation are evidenced,
(a) the effect of the amount of an IL in the mixture and (b) the
effect of the nature of AA present as anions in each IL.
In the mixtures [Ch][Ala]/water, [Ch][Gly]/water, and
[Ch][Met]/water with low content of ILs (0.4−1 mol % IL),
the Paraoxon degradation occurs only by hydrolysis reactions,
where the solvation of water decreases the nucleophilicity of
the AA present in the each [Ch][AA]. Interestingly, as the
percentage of [Ch][AA] increases in the mixture, the
nucleophilic attack of [Ch][AA] is evidenced, and the
Paraoxon degradation occurs by three parallel pathways,
nucleophilic attack of [Ch][AA] by SN2(C) and SNAr
pathways and hydrolysis reaction (see Figure 5). Finally, in
those [Ch][AA]/water mixtures with a higher amount of ILs
(30−46 mol % IL), the Paraoxon degradation occurs by all
pathways shown in Scheme 2 (SN2(P), SN2(C), SNAr pathway,
and hydrolysis pathway). These results suggest a catalytic effect
of [Ch][AA] in the hydrolysis reaction of Paraoxon in those
mixtures with low content of ILs, as we will explain below.
On the other hand, in all [Ch][Pro]/water mixtures, the
Paraoxon degradation occurs by four reaction pathways even in
those mixtures with a low percentage of [Ch][AA] (1 mol %
IL). Besides, as the amount of ILs increases in the [Ch][Pro]/
water mixtures, the SN2(P) pathway is favored, while the
Paraoxon hydrolysis pathway decreased.
These results are highly interesting because it is possible to
completely degrade Paraoxon in an aqueous medium and
additionally to handle the degradation products by choosing
the different [Ch][AA]/water mixtures used in this study.
Kinetics Study. The kinetics study of Paraoxon degrada-
tion was performed in mixtures containing a range of different
[Ch][AA] contents from approx. 0.4 to 20 mol % IL. It is
important to note that a kinetics study at higher concentrations
of [Ch][AA] was not possible due to the high viscosity value
that presents the [Ch][AA] ILs.31
The kinetics study was followed spectrophotometrically by
measuring the absorbance increase at 400−420 nm. Pseudo-
first-order rate constants (kobsd) were obtained considering the
excess of the nucleophile ([Ch][AA]). These rate constants
and the experimental conditions are shown in Tables S2−S5 in
the Supporting Information.
The kinetics law obtained in the present reactions is given by
eq 1, where kobsd is the pseudo-first-order rate coefficient and k1
is strictly k′2 [water]. k′2 and k2 are the rate coefficients for
Scheme 2. Nucleophilic Attack by [Ch][AA] on Paraoxon via Four Reaction Paths: At the Phosphorylic Center (SN2(P)), at
the C-1 Aromatic Carbon (SNAr), at the Aliphatic Carbon of Paraoxon (SN2(P)), and a New Nucleophilic Attack of Water
Present in the [Ch][AA]/Water Mixture (Hydrolysis Reaction)
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hydrolysis and for the nucleophilic attack by the [Ch][AA],
respectively.
k k k Ch AAobsd 1 2= + [[ ][ ]] (1)
Considering a water concentration of 55 M, the values k′2
were calculated as the intercept, and k2 values were obtained as
the slope of linear plots of kobsd vs. [Ch][Ala] mol % present in
each mixture. Then, with the rate constant values (k′2 and k2),
the t1/2 values for both processes were calculated (t1/2 = ln 2/
k′2 or k2) and are shown in Table S6 in the Supporting
Information. The results show that the t1/2 values for the
hydrolysis of Paraoxon in the absence of ILs vary from 7 to 15
days in accordance with that reported in the literature.32
As an example, Figure 6a shows plots of kobsd against
[Ch][Ala] mol % present in the mixture. An increase in kobsd
values of at least one magnitude as the [Ch][Ala] content in
the mixture increases from 0.4 to 20 mol % can be observed.
Similar results are found in [Ch][Gly]/water, [Ch][Met]/
water, and [Ch][Pro]/water mixtures and are shown in Figures
S18−S21 in the Supporting Information.
Considering the linear correlation between kobsd values and
[Ch][AA] mol % present in the mixtures, shown in Figure 6a
and Figures S18−S21 in the Supporting Information, we have
extrapolated the kobsd values for Paraoxon degradation at 1, 20,
and 100 mol % IL for each [Ch][AA]. From these kobsd values,
the half-life values (t1/2, min) are calculated (t1/2 = ln 2/kobsd)
and shown in Table 1. Besides, in order to compare these
results, we have included in Table 1 the t1/2 values reported in
neat [Bmim][AA].21
As can be observed in Table 1, the kinetics results found in
[Ch][AA]/water mixtures at 1 mol % IL showed that the
Paraoxon degradation is obtained efficiently with t1/2 values
between 2 and 3 h. It is important to note that the t1/2 values
reported for the hydrolysis reactions of several organo-
phosphorus pesticides in aqueous solution varies from 4 to
192 days, depending on experimental conditions, such as pH
and temperature.32 Therefore, in this study, we have
demonstrated a notable decrease in t1/2 values for Paraoxon
hydrolysis up to three orders of magnitude less in comparison
with those t1/2 values reported in aqueous solution.
32
Besides, the results showed that the t1/2 values found for
hydrolysis of Paraoxon in the presence of (1 mol % IL) are
lower than those found for the hydrolysis process in the
absence of ILs (see t1/2 values calculated by using k′2 values in
Table S6 in the Supporting Information).
The results obtained in this study could suggest a catalytic
effect of [Ch][AA] in those mixtures with a low amount of ILs
(0.4−1 mol % IL), through hydrogen bonding interaction that
stabilizes a transition state (TS) for the nucleophilic attack of
water to the phosphoryl center of Paraoxon, as shown in Figure
7. Whereas the hydroxyl group of the cholinium cation
establishes one hydrogen bond with the oxygen of the
phosphoryl group of Paraoxon, the nucleophilic attack of
water at the phosphoryl center is favored. Besides, the amino
Figure 2. Stacked 31P NMR plots for the reaction of Paraoxon (0.10 M) in [Ch][Ala]/water mixtures (1 mol % IL) at 25 °C.
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Figure 3. ESI-MS(−) spectrum of compounds 2 and 4-nitrofenolate from the reaction of Paraoxon in [Ch][Ala]/water mixtures (1 mol % IL) at
25 °C.
Figure 4. Stacked 31P NMR plots for the reaction of Paraoxon (0.10 M) in [Ch][Pro]/water mixtures (46 mol % IL) at 25 °C.
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acid anion (such as alanine anion in Figure 7) establishes
another hydrogen bond with water, increasing the nucleophilic
capacity of water. A similar catalytic effect shown in Figure 7
could be evidenced in the nucleophilic attack of water at the C-
1 aromatic carbon of Paraoxon. The dual catalytic role of the
[Ch][AA] was reported previously in a depolymerization
reaction.33
On the other hand, as can be observed in Table 1, the
kinetics result found in [Ch][Ala]/water mixtures (20 mol %
IL) is close to that obtained in neat [Bmim][AA] ILs despite
using aqueous mixtures of ILs. Even more, the t1/2 value found
Figure 5. Relative nucleophilic attack of [Ch][AA] to Paraoxon in each [Ch][AA]/water mixture. Nucleophilic attack of [Ch][AA] at the
phosphorus atom by the SN2(P) path (calypso column), at the aliphatic carbon by the SN2(C) path (gray columns), the C-1 aromatic carbon by
the SNAr path (white columns), and hydrolysis reaction (light blue columns).
Figure 6. (a) Rate constants kobsd obtained for Paraoxon degradation in [Ch][Ala]/water mixtures with varying IL contents. (b) Hydrogen bond
accepting ability (β) obtained for [Ch][Ala]/water mixtures with varying IL contents. Each measurement was made in triplicate.
Table 1. Half-Life (t1/2, min) Obtained in Paraoxon





1 mol % IL
t1/2 (min) at
20 mol % IL
t1/2 (min) at























160 ± 8 19 ± 1 4.4 ± 0.2 [Bmim]
[Pro]
36
aFrom ref 21. bNot detected by using the 31P NMR technique.
Figure 7. Hydrogen bonding interactions between cholinium cations
and Paraoxon and between alaninate anions and water in the
transition state (TS) of the hydrolysis step of Paraoxon.
ACS Omega http://pubs.acs.org/journal/acsodf Article
https://dx.doi.org/10.1021/acsomega.0c03305
ACS Omega 2020, 5, 26562−26572
26568
for Paraoxon degradation using [Ch][Pro]/water (20 mol %
IL) is 19 min, while the t1/2 value reported in neat
[Bmim][AA] ILs was 36 min.21 Therefore, the [Ch][Pro]/
water mixture (20 mol % IL) seems to be a promising
alternative for faster and eco-friendly degradation of Paraoxon.
The pesticide degradation occurs in an aqueous solution with a
low amount of an IL made up entirely of natural sources
([Ch][AA]), without the need of an extra nucleophile, and
finally, a less toxic product is formed, compound 8d, as
mentioned above.
Besides, as can be observed in Table 1, the t1/2 values were
calculated in a hypothetical [Ch][Ala] and [Ch][Pro] at 100%,
showing that the Paraoxon degradation will be achieved more
efficiently compared to the results reported in neat [Bmim]-
[Ala] and neat [Bmim][Pro]. Probably, the better profile of
[Ch][Ala] and [Ch][Pro] than [Bmim][Ala] and [Bmim]-
[Pro], respectively, could be explained by the hydroxyl group
present in the cholinium cation, which gives an additional
possibility of hydrogen bonding interaction to stabilize a
transition state and the IL acting also as a catalyst.33
Besides, previously, we found that the half-life values of
Paraoxon degradation in several neat [Bmim][AA] decrease as
the hydrogen bond accepting ability (β Kamlet−Taft
parameter) of the solvent increases.21 The β parameter
describes the hydrogen bond accepting ability of the solvent.
In this study, the β Kamlet−Taft descriptor to each
[Ch][AA]/water mixture was determined, using a solvato-
chromatic dye as it has been previously reported for different
ILs.34 Figure 6b shows the effect of the [Ch][Ala] content on
the β parameter. As can be observed, as the [Ch][Ala] content
increases, the β value increases, in a non-linear relationship.
These results suggest that content higher than 35 mol %
[Ch][Ala] would not affect significantly the hydrogen bond
accepting ability of these mixtures. Tables S7−S10 and Figures
S22−S25 in the Supporting Information show the same
behavior in [Ch][Gly]/water, [Ch][Met]/water, and [Ch]-
[Pro]/water mixtures, respectively.
It is important to note that in this study, no correlation
between the hydrogen bond accepting ability (β) of each
[Ch][AA]/water mixture and the kobsd values for Paraoxon
degradation was found. The latter may be explained by the
high water content present in the mixtures used in this study,
which could be altering the hydrogen bond accepting ability of
the IL. For example, the β values of those [Ch][AA]/water
mixtures (20 mol % IL) (see Tables S7−S10 in the Supporting
Information) are very similar to the β value reported for neat
water (β = 0.5),35 while the β values for neat [Bmim][AA] are
in the range 0.8−1.1.21
Finally, the results show the dependence of kobsd values
obtained for Paraoxon degradation with the pKa (amine group
of each AA). The results show that the kobsd values obtained for
Paraoxon degradation in the different mixtures with a fixed
[Ch][AA] content (20 mol % [Ch][AA]) follow the order
[Ch][Pro]/water > [Ch][Ala]/water > [Ch][Gly]/water >
[Ch][Met]/water. This sequence agrees with the scale of pKa
(in water) of the amino acids present in an IL used, pKa
(amine group) of 10.6, 9.87, 9.78, and 9.21 for [Pro], [Ala],
[Gly], and [Met], respectively.36
■ CONCLUSIONS
In this study, we have demonstrated that it is possible to
degrade Paraoxon in [Ch][AA]/water mixtures without the
need of an extra nucleophile, even when the IL content in the
mixture is low (0.4−1 mol % IL). In those mixtures with a low
amount of [Ch][AA], the hydrolysis reaction is the main
pathway for Paraoxon degradation. The kinetics results under
these experimental conditions showed a decrease in t1/2 values
for Paraoxon hydrolysis up to three orders of magnitude in
comparison with those t1/2 values reported in aqueous solution
due to a catalytic effect of the [Ch][AA] in the hydrolysis
reaction of Paraoxon. Besides, as the percentage of [Ch][AA]
increases in the mixture, the nucleophilic attack of [Ch][AA] is
evident in the Paraoxon degradation.
Keeping in mind previous results obtained for the Paraoxon
degradation using different neat [Bmim][AA] ILs, in this
study, we propose a more sustainable and efficient method-
ology using [Ch][AA]/water mixtures (0.4−46 mol % IL) due
to the following arguments: (a) the kinetics results found in
[Ch][Ala]/water mixtures (20 mol % IL) are close to those
obtained in neat [Bmim][Ala] ILs despite using aqueous
mixtures of ILs. Even more, the t1/2 value found for Paraoxon
degradation using [Ch][Pro]/water (20 mol % IL) is 19.8 min,
while the t1/2 value reported in neat [Bmim][AA] ILs is 35.5
min; (b) the ILs used in this study ([Ch][AA]) are completely
synthesized from natural resources (choline chloride and
amino acids). The latter could generate a biodegradable and
less toxic reaction medium than neat [Bmim][AA] ILs, and
finally, (c) we have demonstrated an efficient degradation of
the pesticide in a reaction medium that contains high water
content and a low amount of an IL designed totally from
natural resources.
■ EXPERIMENTAL SECTION
Reagents and Materials. All amino acids (AA) were high
quality and were used as received without further purification.
Choline chloride, Amberlite IRA400Cl, O,O-diethyl 4-nitro-
phenyl phosphate triester (Paraoxon), O,O-diethyl chloro-
phosphate, and standard mono- and diester phosphate
derivatives were purchased. Spectroscopic grade solvatochro-
mic dyes 4-nitroaniline (NA) and N,N-diethyl-4-nitroaniline
(NN) were used as received.
Preparation and Characterization of [Ch][AA] ILs. The
[Ch][AA] ILs were synthesized with some modifications
according to a reported methodology.31 The synthesis of these
[Ch][AA] ILs involves two steps; the first one is an ion
exchange reaction of [Ch][Cl] using Amberlite as an anion
exchange resin to obtain [Ch][OH]. The second step is the
neutralization of the amino acid by [Ch][OH]. [Ch][OH] was
added dropwise in a slight excess of an equimolar aqueous
amino acid solution to produce [Ch][AA]. The mixture was
stirred at 5 °C in the dark for 48 h. Water was then removed
under reduced pressure at 50 °C using a rotavapor. Then, 90
mL of acetonitrile and 10 mL of methanol were added to the
solution of [Ch][AA] to separate out excess amino acid, and
then, the mixture was filtered out. The filtrate was
concentrated under reduced pressure at 50 °C to obtain the
final product. Four [Ch][AA] ILs derived from amino acids
have been synthesized in this work (see Scheme S1 in the
Supporting Information). The yields of all the desired products
were more than 95%.
The structures of these [Ch][AA] ILs were confirmed using
1H NMR, 13C NMR, and ESI-MS, see Figures S26−S37 in the
Supporting Information. The water content for each [Ch][AA]
(determined by Karl Fisher titration (TitroMatic)) was
between 9 and 18 wt % and was considered for the preparation
of all [Ch][AA]/water mixtures.
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Characterization of [Ch][AA] ILs. The NMR analysis was
performed on a Bruker AVANCE-400 NMR spectrometer
operating at 400 MHz for 1H NMR and 13C NMR. Samples
were run in deuterium oxide (D2O) where appropriate (high-
resolution mass spectrometer Exactive Plus Orbitrap, Thermo-
Fisher Scientific (Bremen, Germany)). The scan parameters
are resolution, 140000; AGC target, 1e6; max. injection time,
200; HESI source: sheath gas flow, 30; aux. gas flow rate, 3;
sweep gas flow rate, 0; capillary temp., 250 °C; S-lens RF level,
0; heater temp, 50 °C.
[Ch][Ala]. 1H NMR (400 MHz, D2O) δ: 1.25 (d, J = 7.1 Hz,
3H, CH3), 3.22 (s, 9H, CH3, CH3, CH3), 3.34 (q, J = 7.1 Hz,
1H, CH−N), 3.52−3.55 (m, 2H, CH2), 4.06−4.10 (m, 2H,
CH2).
13C NMR (400 MHz, D2O) δ: 184.17, 67.44, 55.57,
53.92, 53.88, 53.84, 51.41, 20.38. HRMS-ESI (+ mode): found
m/z, 104.1073; calculated for cation C5H14NO m/z, 104.1070
(Δ = 2.9 ppm). The water content was 15 wt % and was
determined using Karl Fisher titration (TitroMatic).
[Ch][Gly]. 1H NMR (400 MHz, D2O) δ: 3.17 (s, 2H, CH2−
N), 3.20 (s, 9H, CH3, CH3, CH3), 3.51−3.54 (m, 2H, CH2),
4.04−4.08 (m, 2H, CH2). 13C NMR (400 MHz, D2O) δ:
181.00, 67.44, 55.57, 53.92, 53.88, 53.84, 44.66. HRMS-ESI (+
mode): found m/z, 104.1074; calculated for cation C5H14NO
m/z, 104.1070 (Δ = 3.8 ppm). The water content was 18 wt %
and was determined using Karl Fisher titration (TitroMatic).
[Ch][Pro]. 1H NMR (400 MHz, D2O) δ: 1.73−1.83 (m, 3H,
CH2, CH2), 2.11−2.19 (m, 1H, CH2), 2.82−2.90 (m, 1H,
CH2−N), 3.07−3.15 (m, 1H, CH2−N), 3.21 (s, 9H, CH3,
CH3, CH3), 3.50−3.54 (apparent t, 2H, CH2) 3.57−3.63 (m,
1H, CH-N), 4.03−4.09 (m, 2H, CH2). 13C NMR (400 MHz,
D2O) δ: 180.75, 67.41, 61.46, 55.56, 53.89, 53.85, 53.81, 45.98,
30.40, 24.85. HRMS-ESI (+ mode): found m/z, 104.1071;
calculated for cation C5H14NO m/z, 104.1070 (Δ = 1.0 ppm).
The water content was 9 wt % and was determined using Karl
Fisher titration (TitroMatic).
[Ch][Met]. 1H NMR (400 MHz, D2O) δ: 1.78−1.88 (m,
1H, CH2), 1.91−2.01 (m, 1H, CH2), 2.15 (s, 3H, CH3), 2.59
(t, J = 7.8 Hz, 2H, CH2), 3.23 (s, 9H, CH3, CH3, CH3), 3.36
(t, J = 6.4 Hz, 1H, CH−N), 3.55 (apparent t, 2H, CH2), 4.05−
4.12 (m, 2H, CH2).
13C NMR (400 MHz, D2O) δ: 182.45,
67.45, 55.60, 55.26, 53.95, 53.91, 53.87, 34.14, 29.74, 14.14.
HRMS-ESI (+ mode): found m/z, 104.1073; calculated for
cation C5H14NO m/z, 104.1070 (Δ = 2.9 ppm). The water
content was 12 wt % and was determined using Karl Fisher
titration (TitroMatic).
Determination of the β Kamlet−Taft Parameter. β
Kamlet−Taft parameters of each [Ch][AA]/water mixture
were determined using N,N-diethyl-4-nitroaniline (NN) and 4-
nitroaniline (NA) solvatochromic dyes by the following
procedure.37
Stock solutions of the probes were prepared in acetonitrile
(5 × 10−3 mol L−1). In each cell, 20 μL of the probe was
added, obtaining a final concentration in the cell of 2 × 10−4
mol L−1, the acetonitrile was evaporated, and then, 500 μL of
each [Ch][AA]/water mixture was added. These dye-
containing [Ch][AA]/water mixtures were placed in quartz
cells maintained at 25 °C.
The β Kamlet−Taft parameter was obtained by measuring
the relative difference of solvatochromism between 4-nitroani-
line (NA) and N,N-diethyl-4-nitroaniline (NN), using eq 2.







Kinetics Measurements. First-order rate constants (kobsd)
for Paraoxon degradation in the presence of each [Ch][AA]/
water mixture (approx. 1−46 mol % IL) were determined by
UV−vis at 25 °C, without an extra nucleophile agent. Each
measurement was made in triplicate, and the kobsd values
reported in Tables S2−S5 in the Supporting Information
correspond to the average of the three measurements. The rate
law for all the reactions studied is given by eq 3, where P and S
represent one of the products and Paraoxon, respectively. In a
typical experiment, 10 μL of Paraoxon (0.7 M) in acetonitrile
was added to a spectroscopy cell. Acetonitrile was evaporated,
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Product Studies. Nuclear Magnetic Resonance. The
product analysis was performed by nuclear magnetic resonance
(NMR). To confirm the structural assignment of products 1a−
d (Scheme 2), 31P NMR spectra were recorded for the
reactions of O,O-diethyl chlorophosphate with each [Ch][AA]
used in this study (see Figure S13 in the Supporting
Information). Products 2 and 3 were confirmed by comparison
of the 31P NMR spectrum of the authentic sample (see Figures
S14−S17 in the Supporting Information). In a typical
experiment, 10 μL of Paraoxon or O,O-diethyl chlorophos-
phate (0.7 M) in acetonitrile was added to an NMR tube.
Acetonitrile was evaporated; then, 700 μL of each [Ch][AA]/
water mixture was added, and deuterated ACN was inserted via
a capillary for NMR tubes.
Electrospray Ionization Mass Spectrometry (ESI-MS). The
detection of 2 and compound 5 (Scheme 2), formed in the
Paraoxon degradation in [Ch][Ala]/water mixtures, was
undertaken on an AB Sciex Triple Quad 4500 (UHPLC−
MS/MS) mass spectrometer equipped with a Turbo Ion Spray
(AB Sciex) ion source. A microsyringe pump delivered the
mixed reaction of Paraoxon in the presence of [Ch][Ala]/
water mixtures (1 mol % IL) at an infinite time dissolved in
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